A systematic study is conducted in order to elucidate the underlying mechanism(s) for nanopatterning with low-energy irradiation of GaSb (100) under normal incidence. Ion energies between 50 and 1000 eV of Arþ and ion fluences of up to 10 18 cm À2 were employed. Characterization of the shallow (e.g., 1 to 6 nm) amorphous phase region induced by irradiation and the subsurface crystalline phase region is accomplished with low-energy ion scattering spectroscopy and x-ray photoelectron spectroscopy, respectively. In situ studies are conducted due to the strong chemical affinity for oxygen of GaSb. The studies conclude that at energies below 200 eV, the native oxide layer hampers nanopatterning until it becomes removed at a fluence of approximately 5 Â 10 16 cm
I. INTRODUCTION
The feature size limits of top-down lithographic nanopatterning have led to the evolution of bottom-up approaches as alternative methods for the nanofabrication of semiconductor devices.
1 As a one-step process, the nanopatterning of compound semiconductors via ion beam irradiation has been shown to generate nanostructures [2] [3] [4] [5] [6] of characteristic size as dictated by the irradiation conditions (e.g., energy, angle of incidence, fluence). Due to the dynamic nature of selforganized structures patterned at the nanoscale from ion-beam irradiation, studies using in situ experiments are indispensible. In particular, in situ experiments are important for chemically reactive systems such as the III-V semiconductors with oxygen.
The mechanism for nanodot formation on gallium antimonide (GaSb) surfaces has been studied in previous experiments. 3, 7, 8 The preferential sputtering of antimony leading to surface enrichment by gallium atoms is understood today as the leading mechanism for the nanopatterning of GaSb(100) at ion energies above 300 eV. However, Ga and Sb are known to sputter almost equivalently, according to simulations with SRIM 2008 , and thus the role of preferential sputtering in explaining the nanopatterning of GaSb raises doubts about this conjecture. As part of the formation mechanism, the generation of an amorphous layer (2 to 4 nm) on the surface of the nanostructures, which is where the mixing of gallium and antimony atoms occurs, was confirmed by TEM crosssectional studies.
3 Whereas x-ray photoelectron spectroscopy (XPS) can be used to study the surface chemistry 3 to 10 nm underneath the surface, the type and concentration of the species in the amorphous layer of about 1 to 2 nm defined by a penetration depth of <200 eV ions requires a higher depth resolution and a surface-sensitive method such as low-energy ion scattering spectroscopy (LEISS), which probes the first 1 to 2 ML (Refs. 9 and 10) in GaSb, or less than 1.0 nm.
In addition, the role of oxygen from the native oxygen surface layer in the early stages of the formation mechanism of the nanostructures has almost been neglected in previous studies. Although oxide issues have been discussed, no studies have been capable of examining GaSb to effectively isolate any ambient exposure. The role of surface oxides is important at very low energies near the sputtering threshold (approximately 80 eV for Ar irradiation), 11 where oxygen elimination by sputtering occurs slowly during the irradiation process and oxygen remains until intermediate fluence levels. Significantly, this study elucidates the effect that exposure has on the surface chemistry of irradiated GaSb when characterized ex situ.
In this paper, we present in situ characterization measurements of irradiated GaSb (100) and the effect of ambient air exposure on the surface concentration. Our results refute the idea that the underlying mechanism responsible for the a)
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V C 2011 American Institute of Physics 110, 074301-1 creation of surface nanopatterning in GaSb is associated with the preferential sputtering of Sb and a shielding effect of surface-dominated Ga regions. Comparisons between in situ and ex situ measurements suggest that irradiated GaSb surfaces immediately reduce oxygen via gallium reduction processes, thus explaining the presence of predominant Ga-rich regions at the surface of GaSb nanopatterns. Observations from in situ data suggest that Sb dominates the surface of nanostructures at concentrations of approximately 70% for energies approaching 1 keV.
II. EXPERIMENTAL SETUP
The irradiation and characterization of the samples were performed in the Particle and Radiation Interaction of Hard and Soft Matter (PRIHSM) facility at Purdue University. PRIHSM is an in situ facility capable of characterizing surfaces while they are evolving under ion irradiation. Irradiations were performed using two gridded broad-beam non-reactive ion sources. For energies below 200 eV, the Oxford Applied Research dc ion source was used. For energies over 200 eV, the Mantis RFMax30 source was used. XPS and LEISS characterization were conducted using a VG Scienta R3000 energy and momentum dispersive particle analyzer. The samples were irradiated with argon at normal incidence at energies of 50 to 1000 eV up to a fluence of 10 18 cm À2 . The flux at all energies was 2 Â 10 14 cm À2 s À1 . The sample temperature was kept between 10 and 25 C by using a combination of liquid nitrogen cooling and resistive heating. Two sets of samples were characterized via XPS and LEISS before and after irradiation under two different environmental conditions. One set of samples was characterized under in situ conditions, and the other set was exposed to air after irradiation and before post-irradiation characterization.
The operating pressure of the samples was 1 Â 10 À8 Torr, and the partial pressure of oxygen was less than 9 Â 10 À11 Torr, as reported from a residual gas analyzer. The sequence of irradiation and characterization of each sample was as follows: First, the sample was irradiated at the required flux. Then, the LEISS measurement was performed on the sample. There was a delay of 3 min between stopping the irradiation and running the LEISS measurement. The LEISS measurement was performed with a total time of 3.1 min. After the LEISS measurement, XPS wide and region scans were performed. It took a total of 30 min to run the x-ray source and obtain high-resolution scans.
XPS was performed using a non-monochromatic Mg Ka (1245.3 eV) with an anode voltage of 13 keV and an emission current of 15 mA. The source-analyzer angle was 54.7
. During the LEISS measurements, a 1500 eV He þ beam was used at a backscattering angle of 145 . The total probing beam current was 150 nA with a maximum beam flux of 1.4 Â 10 13 cm À2 s
À1
. CasaXPS and IGOR Pro v. 6 were used to quantify the XPS spectra and convert them into the Ga relative surface concentration according to the following formula:
where A Ga and A Sb are the areas under the curves of Ga and Sb, respectively, and r Ga and r Sb are the laboratory crosssections of Ga and Sb, respectively. In order to minimize the errors from the inelastic mean free path difference and the transmission function of the analyzer, the quantification included Ga3d and Sb4d peaks, which have very close binding energies (less than 15 eV). For the quantification of the XPS spectra and the conversion to the concentration, the average Scofield's relative sensitivity factors were used (1.19 for Ga3d and 2.98 for Sb4d). The Ga3d peak was always accompanied by an intrinsic loss peak at binding energy values of 6 eV or higher. Unlike extrinsic losses, intrinsic losses should be included in the quantification of the XPS spectra when extracting/reducing compositions. The intrinsic loss peak of Ga3d was indistinguishable from the O2s peak, which should appear only when oxygen is present on the sample (e.g., pre-irradiation, at low irradiation fluences, and before complete oxygen removal and ex situ samples). However, the O2s peak portion was determined to be very small, a result that concurs with previous studies. 12 It should be noted that the Ga relative concentration versus the fluence figures shown for the XPS data have shaded regions that correspond to the span between the maximum and minimum concentrations calculated, including and excluding the intrinsic loss peak area with the main gallium peak, respectively.
III. RESULTS AND DISCUSSION
A. Effect of surface oxide on nanopatterning Figure 1 shows the gallium relative concentration as a function of the Arþ irradiation fluence on GaSb (100) from XPS (100, 500, and 1000 eV ion energies) and LEISS (50, 100, 500, and 1000 eV ion energies) measurements. In the
FIG. 1. (Color online)
In situ measurements of the gallium relative concentration vs the fluence obtained via XPS and LEISS. Irradiation was performed with 50, 100, 500, and 1000 eV Arþ at normal incidence on a GaSb (100) sample. The bands in the XPS data display the uncertainty when quantifying the intrinsic loss peak. Icons correspond to the band maxima.
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El-Atwani et al. J. Appl. Phys. 110, 074301 (2011) 100 eV case, the gallium relative concentration after a fluence of 1 Â 10 15 cm À2 was determined to be 66.5% and 81% from in situ XPS and in situ LEISS, respectively. During the initial irradiation stage (up to 1 Â 10 15 cm
À2
) and immediately after surface amorphization, gallium segregates to the surface, and the higher relative concentration of gallium during this stage is attributed to gallium's preferential reduction of oxygen over antimony at the surface. The reduction of oxygen at the surface by gallium is validated by the larger negative value of the Gibbs free energy of formation in the case of gallium oxide. 13 The XPS in situ results describe both the amorphous and the crystalline phases of irradiated GaSb (100) according to a probing depth of the XPS ranging from 2 to 8 nm. The XPS results show a lower Ga concentration value compared to the ML-sensitive LEISS technique, because the LEISS probes 100% of the amorphous phase region. Further evidence of how the concentrations of Ga and Sb vary in the early stage of irradiation (e.g., 10
15 cm À2 ) is found in the 500 eV Arþ irradiations. In this case, the in situ LEISS shows only a 68% relative gallium concentration, compared to 81% at 100 eV Arþ irradiation. The in situ XPS shows a 60.1% Ga relative concentration. This result is consistent with in situ X-ray reflectivity (XRR) measurements conducted by Keller et al., who found a thin surface layer corresponding to a native oxide phase on GaSb present during early stage ion-beam sputtering 14 at a comparable irradiation energy of 450 eV. For 1000 eV Arþ irradiation, the data indicate a gallium relative concentration of 60% from in situ LEISS and of 63% from in situ XPS. This is consistent with a higher sputter efficiency at 500 eV and 1000 eV (as compared to that at 100 eV) to remove the Gareduced surface oxide layer at an earlier fluence.
At 1 Â 10 16 cm
, the maximum value of the gallium relative concentration on the top layer for 100 eV Arþ irradiation was measured as 90% (in situ LEISS). In the top few nanometers, using in situ XPS, the maximum value was 65%, as shown in Fig. 1 . In theory, gallium preferential reduction of oxygen is a result of the difference in the Gibbs free energy of formation (DG f ) between gallium oxide (Ga 2 O 3 ) (À238 Kcal/mol) and antimony oxide in its two forms, Sb 2 O 3 (À151.5 Kcal/mol) and Sb 2 O 5 (À198.2 Kcal/ mol). 6, 15 Experimentally, gallium preferential reduction of oxygen through the irradiation process was demonstrated by the XPS peak shift of gallium and antimony at 100 eV. Figure 2 shows the antimony oxide peak 4d 5/2 (35.5 eV) disappearing at a fluence of 1 Â 10 16 cm À2 for an incident 100 eV ion beam energy. In contrast, the gallium 4d oxygen peak (21.5 eV) still dominates the total gallium peak. This is evidence that the gallium oxide dominates the amorphous region over antimony oxide.
B. Early to intermediate stage nanopatterning
For 500 eV Arþ irradiation, depletion of the oxide layer is observed based on the in situ LEISS and XPS data, which converge to values within the uncertainty of the in situ XPS measurements as shown in Fig. 1 , all of the oxygen is removed, as demonstrated by in situ XPS (Fig. 2) , and the relative concentration decays less rapidly at this stage. After 5 Â 10 17 cm
À2
, the concentrations remain nearly the same up to 1 Â 10 18 cm
, at which point equilibrium is reached. For fluences greater than 1 Â 10 17 cm À2 at 100 eV Arþ irradiation, the gallium relative concentration decreases to 42% at 5 Â 10 17 cm À2 fluence, as determined by in situ LEISS. In situ XPS characterization showed a 48% gallium relative concentration. This result can be compared to both the 500 and 1000 eV Arþ irradiations, which yield relative Ga concentrations that are around 10% higher based on the XPS data. It should also be noted that at low energy (100 eV), structures began to grow after the oxygen was removed. Figure 3 shows SEM images demonstrating the formation of nanostructures at 100 eV only after a fluence of 1 Â 10 17 cm
, where all the oxygen is removed from the sample. In contrast, Fig. 4 shows SEM images of 500 eV Arþ irradiation with clear evidence that at fluences below 10 16 cm
, nanostructures are generated, although not with the full aspect ratio character of those generated at fluences just above 10 17 cm
. This is also consistent with the early and moderate fluence characteristics of the in situ x-ray scattering work by Plantevin et al.
16

C. Late stage nanopatterning
At fluences equal to 1 Â 10 18 cm
À2
, the trend of the relative gallium concentration with energy becomes very interesting. Figure 5(a) shows the relative gallium concentration as a function of the incident ion energy at a fluence of 10 18 cm À2 . For all energies, there is an enrichment of Sb on the surface of the samples characterized in situ, which is contrary to previous conjectures proposing that preferential enrichment by Ga atoms (as a consequence of the preferential sputtering of Sb) occurred. Furthermore, the enrichment of Sb increases with the incident ion energy, consistent with penetration depth calculations using SRIM as illustrated in the inset of Fig. 5(b) . The amount of antimony on the surface also increases, as measured in the amorphous phase versus the predominant crystalline phase. For example, at 1000 eV the relative gallium concentration in the amorphous phase is about 32%, compared to 43% at 100 eV. Antimony domination in the amorphous layer at this fluence suggests that it is unlikely that gallium acts as a shield to the nanostructures during the initial stages of pillar formation as conjectured by Le Roy et al. 17 This is significant because the argument of preferential sputtering is not warranted, given that the sputter yields of Ga and Sb atoms are identical, as indicated by the SRIM (Ref. 18) calculations shown in Fig. 5(c) .
In general, the XPS and LEISS data effectively characterize the surface average along the lateral direction. Therefore, the spatial scale resolved by these techniques is predominantly along the depth of the surface and sub-surface regions for LEISS and XPS, respectively. An important question arises regarding the influence of the evolving surface morphology on the nature of the data obtained from these techniques. Angular-resolved measurements were conducted both in situ and ex situ in order to elucidate the possible impact that the surface nanostructures have on the surface concentrations measured via XPS and LEISS. Due to the nature of each technique, the angle-resolved LEISS data are able to distinguish between concentrations predominantly on the surface tips of the nanostructures and those near the "base" of the nanostructures. Figure 6 shows the relative gallium concentration obtained from LEISS spectra for the case of 500 eV Arþ irradiation plotted versus the angle between the sample normal and the ion gun axis. Figure 6(b) shows the schematic for the angular configuration of the ion gun for LEISS, the LEISS ion source, and the detector. As the sample is tilted from normal incidence to grazing incidence with respect to the ion source, one probes from the tips of the peaks to the sides of the valleys. The data show that at 500 eV Arþ irradiation, the relative concentration of gallium at the tip of the nanostructures is about 55% at a fluence of 10 16 cm À2 and 45% at a fluence of 10 18 cm
. Furthermore, the concentration of Ga atoms along the side of the nanostructures is not constant and can vary depending on the fluence level.
The ex situ LEISS concentration data (e.g., samples irradiated and exposed to air) were in qualitative agreement with the spatial-dependent concentration profiles obtained from TEM data by Le Roy et al., particularly the gallium enriching of the "tip" of the nanopillars after irradiation and exposure to air. However, in situ data show that the surface and the area toward the tip region are predominantly populated with Sb. This result at first is contradictory to the SRIM-based simulation findings that conclude that Ga and Sb sputter at the same magnitude. This particular Sb enrichment was conjectured by Yu et al. to be a result of the ion-induced Gibbsian surface segregation of Sb atoms over Ga due to its lower surface tension. Moreover, LEISS data also indicate that there is strong composition variation along the nanostructure tip and sides, suggesting that there are very strong transport mechanisms (e.g., surface diffusion) along the amorphous region. The details of these experiments and their implications are beyond the scope of this paper and are left for a future, more detailed paper on the morphology evolved from nanopatterning at these various energies and fluences and its connection with the surface composition. 
D. Impact of air exposure on surface enrichment by gallium
In order to elucidate the antimony-enrichment results demonstrated by in situ LEISS and XPS data, samples were exposed to ambient air for all Arþ irradiations as a function of the incident ion energy and fluence. All samples exposed to air showed an enrichment of the surface by gallium atoms in both LEISS and XPS measurements (denoted as "ex situ" data in Figs. 7 and 8 ). For example, irradiation at 100 eV yielded an in situ LEISS concentration of 42%, but after exposure to ambient air, the measurement indicated 56% gallium in the first 1 to 2 ML of the surface.
The dominant species on the surface changed from antimony-rich (in situ conditions) to gallium-rich (ex situ conditions) as measured by LEISS, which probes the amorphous phase exclusively (1 to 2 nm). XPS, on the other hand, showed an increase from a 45% (in situ) to a 51% relative gallium concentration. As stated earlier, this increase is due to the preferential reduction of oxygen. Gallium in the Ga 2 O 3 3d peak dominated the total gallium peak, and the antimony in Sb 2 O 3 manifested in the 3d 5/2 and 3d 3/2 peaks that appeared in the spectrum (see Fig. 7 ). Consistent with the inducing of segregation by the preferential reduction of oxygen by gallium atoms, all data showed an increase in the relative gallium concentration as measured by both LEISS and XPS for air-exposed GaSb samples, as shown in Fig. 8 . Therefore, we conclude that the Ga-rich surface concentrations observed in other studies were due to oxygen reduction and not Sb-dominated preferential sputtering. 19, 20 This is mainly due to the inadvertant exposure to air that occurs when characterizing the samples with ex situ techniques. 
FIG. 8. (Color online)
In situ vs ex situ measurements of the gallium relative concentration at different fluences with XPS and LEISS. Irradiation was performed with 500 and 1000 eV Arþ at normal incidence on a GaSb (100) sample. The bands in the XPS data display the uncertainty when quantifying the intrinsic loss peak. Icons correspond to the band maxima.
